OGG1 (8-oxoguanine DNA glycosylase-1) is one of the main DNA glycosylases present in mammalian cells. The enzyme removes 7,8-dihydro-8-oxoguanine (8-oxoG) lesions, believed to be the most important oxidized lesions due to their relatively high incidence and their miscoding properties. This study shows that in prenatal mice brains the repair capacity for 8-oxoG is 5-10-fold higher than in adult mice brains. Western blot analysis and repair activity in extracts from Ogg1 À/À mice revealed that OGG1 was responsible for the efficient 8-oxoG removal from prenatal mice. To investigate how OGG1 protects against oxidative stress-induced mutagenesis, pregnant Big Blue/wild-type and Big Blue/Ogg1 À/À mice were exposed to nontoxic doses of gamma radiation. A 2.5-fold increase in the mutation frequency in Ogg1 À/À mouse brains was obtained by exposure to 3.5 Gy at day 19 postfertilization. This was largely due to GC to TA transversions, believed to originate from 8-oxoG mispairing with A during replication. Furthermore, rapid cell divisions seemed to be required for fixation of mutations, as a similar dose of radiation did not increase the mutation frequency, or the frequency of GC to TA transversion, in the adult brain.
Introduction
Oxidative DNA damage is considered to be a key factor in the process of tumorigenesis (Ames, 1989) . Reactive oxygen species (ROS), which are formed endogenously as metabolic by-products and by sources such as ionizing radiation, induce a wide variety of oxidative DNA lesions. The most frequent base lesion formed is the highly mutagenic 7, 8-dihydro-8-oxoguanine (8-oxoG) , which can base-pair with adenine as frequently as with cytosine and thus give rise to mismatches during DNA replication (Kasai and Nishimura, 1984; . GC to TA transversions occurs frequently, causing mutations in tumour-suppressor genes in human cancers (Hollstein et al., 1991) . 8-oxoG is thought to be the major cause of GC to TA transversions (Kasai, 1997; Bjelland and Seeberg, 2003) .
Mutation frequency is, to a large extent, regulated by mechanisms that function to monitor and guard genomic integrity. Among these genetic maintenance mechanisms are DNA repair pathways that recognize and remove damaged or misincorporated DNA bases. The base excision repair (BER) pathway plays a significant role in the repair of bases that have been damaged by ROS (Kubota et al., 1996; Klungland and Lindahl, 1997) . The initial step in the BER pathway is removal of the aberrant base by a DNA glycosylase. Most DNA glycosylases remove several structurally different damaged bases, and some of them have overlapping substrate specificities, which may indicate that they serve as back-up systems for each other (Dianov et al., 2001) . The mammalian DNA glycosylase OGG1, and its Escherichia coli counterpart MutM, recognize and remove 8-oxoG that is base-paired with cytosine in DNA (Aburatani et al., 1997; Radicella et al., 1997; Roldan-Arjona et al., 1997) . Studies of mice that are deficient in OGG1 demonstrate that this enzyme is responsible for most of the BER activity that is initiated at 8-oxoG in mammalian cells (Klungland et al., 1999) . There are no clear connections between OGG1 deficiencies and human cancers. However, somatic mutations in Ogg1 have been reported in human cancers, including kidney, lung, gastric and colorectal cancer, as well as in leukaemia (Shinmura et al., 1998; Audebert et al., 2000; Hyun et al., 2000; Elahi et al., 2002) . In addition, the tumour-suppressor protein p53, which is mutated in more than 50% of human cancers, has been shown to enhance the activity of OGG1 for removal of 8-oxoG (Achanta and Huang, 2004) .
Consistent with the essential role played by BER in the repair of endogenous damage, embryonic lethality in mice is caused by knockout of genes that encode proteins that are required for later steps in BER, including AP endonuclease (Ludwig et al., 1998) , DNA polymerase b (Sugo et al., 2000) , XRCC1 (Tebbs et al., 1999) and FEN1 (Kucherlapati et al., 2002; Larsen et al., 2003) . However, loss of initiating enzymes such as OGG1 causes no significant phenotype (Klungland et al., 1999; Minowa et al., 2000) , indicating that overlapping repair activities occur.
Specific targeting of the Ogg1 gene in mice revealed a significant increase of GC to TA transversions in certain organs (Klungland et al., 1999; Minowa et al., 2000) . Similar observations were made in the E. coli mutM strain (Michaels et al., 1991; . Another DNA glycosylase, MYH in mammals and MutY in E. coli, removes adenine from 8-oxoG:A mismatches, which result from erroneous incorporation of adenine opposite 8-oxoG during replication. Therefore, simultaneous deletions of both glycosylases would probably cause a considerable increase in the GC to TA transversion frequency. A strong mutator phenotype of this type was identified in E. coli (mutM mutY) several years ago . A recent comprehensive study addressed whether this was also the case with mice (Xie et al., 2004) . Development of Ogg1 À/À -and Myh À/À -knockout mice (Klungland et al., 1999; Minowa et al., 2000) allowed for the production and analysis of double-knockout mice lacking both the Myh and Ogg1 genes. It was shown that combined deficiencies of these genes predisposed 2/3 of the mice to tumours (Xie et al., 2004) .
The recent development of creating knockout mice allows for the detection of gene-specific mutator phenotypes. Inactivation of genes that are involved in mismatch repair raises the mutation frequency in many tissues to particularly high levels (Andrew et al., 1997; Prolla et al., 1998) . Such mice also demonstrate a striking increase in the mutation frequency in response to DNA-damaging agents (Andrew et al., 1998) .
In the current study, we assessed the role that the OGG1 repair glycosylase plays in mutagenesis induced by gamma radiation in the brains of developing mice. A striking difference in the amount of OGG1 at different stages of brain development, and a corresponding capacity for 8-oxoG repair, was detected. The adult brain was resistant to mutation induction by the dose of gamma radiation used. However, a significantly increased mutation frequency, which was dependent on OGG1 inactivation, was observed in the developing brain. OGG1 protects against GC to TA transversions caused by gamma radiation. Therefore, OGG1 seems to be crucial for protection against gamma-radiationinduced oxidative DNA damage in rapidly dividing brain cells during development.
Results
Repair activity for 8-oxoG lesions in cellular extracts from the developing mouse brain The capacity for repair of oxidative base adducts decreases with age in nuclear DNA, as well as in Alzheimer's-diseased brains (Lovell et al., 2000; Bohr, 2002) . Although oxidized lesions seem to play an important role in certain diseases, and probably also during normal ageing, the repair of such damage might be even more important in rapidly dividing cells.
The present study was initiated to evaluate the repair activity of 8-oxoG in young tissues with rapid cell proliferation. OGG1 activity was studied 19 days postfertilization and 2, 4 and 10 weeks after birth.
Whereas most of the tissues tested -including liver, testis, lung, heart, spleen and kidney -had similar repair activities at these stages, the capacity for 8-oxoG repair in the brains of prenatal mice was revealed to be up to 10-fold higher than that found in those of adult mice (results not shown; Figure 1c- 
NEIL1 is a recently identified DNA repair glycosylase with a low but significant capacity for 8-oxoG removal from double-stranded DNA and DNA bubble structures in vitro (Morland et al., 2002; Dou et al., 2003) . Furthermore, RNA interference at the Neil1 locus in embryonic stem-cell lines rendered cells sensitive to low levels of gamma radiation (Rosenquist et al., 2003) . The results of these studies suggest that NEIL1 is a vital component of the BER pathway in mammalian cells, and might contribute to the missing repair capacity that was observed in Ogg1 À/À mice. Furthermore, as this study also describes the consequences of gamma radiation on the mutation frequency of wild-type and Ogg1 À/À Big Blue mice, it was essential to clarify the relative contribution NEIL1 makes to 8-oxoG removal in the developing brain. In order to leave out OGG1-initiated repair activities, nuclear extracts from Ogg1 À/À mice were prepared. No contribution of Neil1 to 8-oxoG removal was observed in these extracts ( Figure 1b) .
The small size of the developing brain, together with the need for suitable amounts of extract for DNA-repair assays, did not allow for the dissection of the mouse brain at the earliest developmental stages. Dissection of the adult brain, and preparation of nuclear extracts as described in Materials and methods, indicated comparable levels of OGG1 in the cortex, hippocampus and caudate/putamen. Significantly higher levels of OGG1 were observed in the cerebellum (Figure 2 ), which is in agreement with earlier expression studies (Verjat et al., 2000) .
Amount of OGG1 in the developing mouse brain
The amount of OGG1 in the developing mouse brain was studied by Western blot analysis. The results ( Figure 3 ) correspond well with the relative 8-oxoG repair activities that are shown in Figure 1 . This supports the theory that OGG1 is the main DNA glycosylase for 8-oxoG repair in the brain, and that the high level of repair activity observed at early developmental stages in the brain can be ascribed to OGG1.
Elevated lacI mutant frequencies in Ogg1
À/À brain DNA gamma-radiated before birth The spontaneous mutation frequencies of Ogg1 À/À organs have been identified previously. A 2.5-fold increase in mutation frequency was observed in genomic
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mice. This increase was largely due to GC to TA transversions and was not dependent on age. It has recently been shown that cell proliferation in the liver of OGG1-deficient mice enhances mutation frequency due to the presence of 8-oxoG in DNA (Arai et al., 2003) . In mice, proliferative activity associated with brain development seems to be largely completed 3-4 weeks after birth (Korr, 1980) . Accordingly, the number of Repair and mutagenesis at oxidized DNA lesions in the brain E Larsen et al cells in the whole brain of the mouse stabilizes at 8.5 Â 10 7 cells by 1 month of age and remains unchanged up to 36 months of age (Franks et al., 1974) .
To examine the role OGG1 plays in mutation avoidance following oxidative stress in the mouse brain, wild-type and Ogg1 À/À mice were exposed to a single low dose of gamma radiation (3.5 Gy). Gamma radiation is of special interest as it is present in the environment. It also has an advantage over chemical agents in being relatively evenly distributed in the body. Furthermore, as mutation fixation at 8-oxoG lesions requires proliferation, Big Blue/wild-type and Big Blue/Ogg1 À/À mice were irradiated before birth and the lacI mutation frequency in the brain was measured 4 weeks postradiation (Table 1 ; Supplementary Information Appendix I and Appendix II). To avoid bias due to clonal expansion, as brain cells proliferate rapidly in this 4-week period, identical base substitutions from individual mice were discarded. There was no significant increase in the spontaneous mutation frequency in the Ogg1 À/À mouse brain (Figure 4 ; Table 1 ). We have previously obtained similar results for testis, another organ with high OGG1 activity (Klungland et al., 1999) . However, following radiation, the mutation frequency increased 2.5-fold in OGG1-depleted mice. The ratio between the mutation frequencies of Ogg1 À/À mice (treated vs untreated) was 2.3 (95% CI 0.6-3.2, P ¼ 0.001) (Materials and methods; Supplementary Information Appendix II). No significant increase was observed in wild-type mice (Figure 4 ; Table 1 ). Despite the significant increase in mutation frequency, 10 Ogg1 À/À mice examined 20 months after exposure did not develop tumours (results not shown). However, we cannot exclude that cancer predisposition would have been revealed with a larger population of treated animals.
Adult mice, wild-type and Ogg1 -/-, received similar treatment to that described above 3.5 Gy. This treatment had no effect on the mutation frequency, regardless of the genotype (results not shown), thus indicating that proliferation is required for mutation fixation.
Mutation spectra Gamma radiation causes a broad spectrum of lesions in genomic DNA, which includes damages to purine and pyrimidine rings, AP sites and single-strand breaks. The spectrum of lesions is similar to that produced during Repair and mutagenesis at oxidized DNA lesions in the brain E Larsen et al normal oxidative metabolism (Breen and Murphy, 1995) . To identify all mutants produced in the lacI locus, the entire coding region was PCR amplified and fully sequenced (the identities of all mutations are presented in Supplementary Information Appendix I). The frequency of GC to AT transitions, primarily resulting from deamination of methylated cytosine, was independent of the genotype of the mice, and did not change significantly following radiation ( Figure 4b ; Table 1 ; Supplementary Information Appendix II). Our results are in agreement with a previous comprehensive study, which indicated similar mutation frequencies, and similar proportions of GC to AT transitions, regardless of the age of the mouse brain (Stuart et al., 2000) . Those authors studied the mutation frequencies in mouse brains of different ages (1.5, 6, 12, 18 and 25 months) and found a mutation frequency close to 4.5 Â 10 À5 (Stuart et al., 2000) . The proportion of GC to AT transitions varied from 40 to 51% and the proportion of GC to TA transversions was usually below 20% (Stuart et al., 2000) . Given that the mutation frequency is significantly increased in Ogg1 À/À mice, the lesions responsible for this increase must be substrates for OGG1. In line with this notion, approximately 60% of the increased mutations were found to be GC to TA transversions. Therefore, we believe that these mutations occur as a result of unrepaired 8-oxoG lesions. The ratio between the GC to TA transversions of Ogg1 À/À mice (treated vs untreated) was 3.0 (95% CI 1.2-8.5, P ¼ 0.016) (Materials and methods; Supplementary Information Appendix II). In addition, three deletions were detected in treated Ogg1 À/À mice and all of these deletions were localized to G:C base pairs (Supplementary Information Appendix I).
Discussion
It has been proposed that oxidative DNA damage is a mechanism that contributes to the occurrence of human cancers (Ames, 1989) . Germline mutations in the human MYH gene predispose patients to multiple adenomas and polyposis coli Sieber et al., 2003) . Somatic adenomatosis polyposis coli (APC) mutations in such patients are predominantly GC to TA transversions. It has been reported that a certain OGG1 variant, Ser326Cys, may be related to lung cancer susceptibility in some populations (Ishida et al., 1999; Wikman et al., 2000; Le Marchand et al., 2002) . In addition, mutations in Ogg1 have been found in patients with kidney, gastric and colorectal cancer, as well as in those with leukaemia (Shinmura et al., 1998; Audebert et al., 2000; Hyun et al., 2000) . In Ogg1-knockout mice, no significant increase in tumour frequency was reported in two independent studies (Klungland et al., 1999; Minowa et al., 2000) , although both studies reported 8-oxoG accumulation and a significantly increased GC to TA mutation frequency in the liver. A third study reported a fivefold increase in lung tumorigenesis associated with OGG1 deficiency in mice (Sakumi et al., 2003) . The Myh-knockout mouse has, like the Ogg1-knockout mouse, no obvious tumour phenotype (Xie et al., 2004) . However, as already described, the combined deletion of these two genes predispose 65.7% of these mice to tumours (Xie et al., 2004) , thereby establishing an obvious link between BER deficiency and tumorigenesis. Multiple oxidative repair genes are required to prevent mutagenesis and tumour formation.
One remarkable similarity between Myh-related tumours in humans and the Myh/Ogg1-related tumours observed in mice is that subsequent analysis has identified unique G to T mutations in codon 12 (encoding GGT) of K-ras Xie et al., 2004) This might reveal a distinctive common pathway of tumorigenesis through K-ras activation following oxidative DNA damage in a repair-deficient background. The mice described therefore provide a unique model for studying the mechanisms of oxidative DNA damage in tumorigenesis. Figure 4 Mutation analyses of mouse brains. Mice at age 19 days postfertilization were either left untreated or exposed to 3.5 Gy gamma radiation. DNA was isolated and prepared for mutation analysis 4 weeks later, as described in Materials and methods. Data are summarized in Table 1 . (a) Mutation frequencies of treated (3.5 Gy) or untreated Big Blue/wild-type (Wt) and Big Blue/Ogg1 À/ À -knockout mice. Results and sample standard deviations for each point are from multiple DNA preparations from two mice. Mutant plaques from (a) were isolated and DNA was prepared for sequencing analysis. Most mutants were CG to TA transitions or GC to TA transversions, and these are presented in panel b. The precise location and identity of all mutations are presented in Table 1 .
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Population-based studies might indicate that OGG1 polymorphisms can lead to increased mutational damage in individuals exposed to increased amounts of ROS through smoking (Wikman et al., 2000) . In our studies carried out in mice, ROS induced by gamma radiation resulted in a significant increase in the mutation frequency, predominantly in GC to TA transversions. Although mice that were examined 20 months after exposure failed to reveal any tumour phenotype, such predisposition might be revealed in a large population. Furthermore, the genetic background of the population might contribute to the Ogg1 predisposition phenotype (Ishida et al., 1999; Wikman et al., 2000; Le Marchand et al., 2002) . Similarly, the different genetic background of Ogg1-knockout mice compared to wild-type mice might explain their different predisposition for tumour development (Klungland et al., 1999; Sakumi et al., 2003) .
Considerably higher levels of 8-oxoG repair were observed when using protein extracts from prenatal mice than when using protein extracts from adult mice, and identified OGG1 as the source of this activity. This increased OGG1 activity was detected exclusively in the brain. A high initial 8-oxoG repair capacity, and a gradual decrease in that capacity, coincides well with the proliferation activity observed in the brain (Korr, 1980) . However, further studies are required to address the question of whether this regulation of OGG1 activity coincides with the microclimate of the proliferation status of individual cell populations. Despite the high load of oxidative stress in the brain, adult mice have relatively low levels of OGG1 (Karahalil et al., 2002) , which is upregulated after forebrain ischaemia reperfusion (Lin et al., 2000) . A leading theory regarding ageing and ageing-related diseases, such as Alzheimer's disease (AD), involves free-radical-mediated oxidative stress in neuronal degeneration. Data suggest that the brain in AD may be subject to the double insult of increased oxidative stress, as well as deficiencies in repair mechanisms that are responsible for the removal of oxidized bases (Lovell et al., 1999 (Lovell et al., , 2000 .
Materials and methods

Animals and tissues
Normal tissues were collected from Big Blue (C57B1/6J genetic background) and Ogg1-null mice (Ogg1 À/À /Big Blue transgenic mice homozygous for Ogg1). The Ogg1 À/À genotype was confirmed using polymerase chain reaction (PCR) amplification specific to the wild-type and targeted Ogg1 allele. Male and female mice were housed in isolated air-filtered cages within a barrier facility. The mice were fed maintenance No. 1 diet (Special Diet Services) and water ad libitum. The light cycle was 12 h light/12 h dark. Tissues were harvested and genomic DNA was extracted as described previously (Klungland et al., 1999) .
Preparation of nuclear extracts and enzyme assays
Organs were removed, quick-frozen in liquid nitrogen and stored at À801C until use. Scissor-macerated tissue was passed through a 19-gauge, 1.5-in needle. Cell suspensions were washed in hypotonic buffer A (10 mM HEPES Á KOH, pH 7.7, 0.5 mM MgCl 2 , 10 mM KCl, 1 mM DTT, 0.2 mM PMSF), and cells were lysed by incubation in 2 vol of buffer A for 15 min. Nuclei were recovered by centrifugation at 2000 g for 10 min and extracted with 2 vol of buffer B (20 mM HEPES Á KOH, pH 7.7, 0.5 mM MgCl 2 , 0.42 M NaCl, 0.2 mM EDTA, 1 mM DTT, 0.2 mM PMSF, 25% glycerol). After centrifugation at 14 000 g for 10 min, the supernatant was recovered and briefly dialysed against buffer C (25 mM HEPES Á KOH, pH 7.7, 50 mM KCl, 2 mM DTT), aliquoted and quick-frozen in liquid nitrogen. All steps were carried out at 01C. Enzyme assays were carried out essentially as described previously (RoldanArjona et al., 1997) . Assays were repeated with organs from two different mice; these gave consistent results. Briefly, a 49-mer oligonucleotide containing a single 8-oxoG residue, placed at position 13 from the 5 0 terminus (Figure 1a ) was 32 Plabelled at the 5 0 terminus and annealed to a complementary oligonucleotide with a cytosine residue opposite 8-oxoG. All oligonucleotides included phosphorothioate linkages at the ultimate and penultimate 5 0 and 3 0 residues to reduce exonucleolytic attack. Standard reaction mixtures (Bjra˚s et al., 1997; Roldan-Arjona et al., 1997) contained 150 fmol double-stranded oligonucleotide substrate and 0.5-5 mg nuclear extract, as indicated. Oligonucleotides were recovered and resolved by denaturing 20% PAGE, and visualized and quantified using a PhosphorImager, Typhoon 9410 (Amersham Biosciences). Quantification of DNA glycosylase activity for uracil, from a 26-mer oligonucleotide, was assayed as for the 8-oxoG-containing oligonucleotide.
Western blot analysis
Equal amounts of nuclear-cell extracts were denatured, separated on an 8% SDS-polyacrylamide protein gel and transferred to a polyvinylidene difluoride membrane (Hybond-P) using a semidry blotter (BIORAD). The membrane was blocked overnight at 41C with 5% nonfat dry milk in PBS-T (PBS with 0.1% Tween 20) and incubated with affinity-purified rabbit polyclonal anti-human OGG1 (kindly provided by S Boiteux), 1:2500 dilution in 0.5% nonfat dry milk in PBS-T for 2 h at room temperature. After a 3 Â 15-min wash with PBS-T, the membrane was incubated for 1 h with alkalinephosphatase-conjugated anti-rabbit IgG with a 1:10 000 dilution at room temperature. After three additional washing steps, the protein-antibody complexes were visualized by enzyme chemifluorescence (Amersham Biosciences) according to the manufacturer's protocol. Fluorescence signals were captured by a Typhoon 9410 (Amersham Biosciences) and quantified using ImageQuant TL.
Radiation
Individual mice were placed in specialized holders and the whole body was irradiated with 3.5 Gy.
The Big blue transgenic mouse mutation detection assay Big Blue transgenic mice harbour a chromosomally integrated lambda bacteriophage containing the E. coli lacI gene, which is used as a target for mutagenesis (Kohler et al., 1991) . The assay was performed according to standard procedures (Stratagene instruction manual, 1992; Nishino et al., 1996) . The entire 1.2-kb lacI gene was amplified by PCR using primer lacI 1: 5 0 -GCGTCGATTTTTGTGATGCT-3 0 and primer lacI 12: 5 0 -CGTAATCATGGTCATAGCTGTT-3 0 . Primers used to sequence the entire lacI gene were as follows: lacI 2: 5 0 -CG GCGATGGCGGAGCTG-3 0 ; lacI 3: 5 0 -TCTGGTCGCAT TGGGTC-3 0 ; lacI 4: 5 0 -CTCTCTCAGGGCCAGGC-3 0 ; lacI 5: 5 0 -GCCCGCCAGTTGTTGTGC-3 0 ; lacI 11: 5 0 -CGCTAT TACGCCAGCTG-3 0 ; lacI 13: 5 0 -AGCCCGGACTCGG TAAT-3 0 and lacI 14: 5 0 -CCAGCGGATAGTTAATGAT CA-3 0 . In brief, the lacI transgene was rescued from high molecular weight genomic DNA via in vitro packing into bacteriophages, which were plated overnight with E. coli in the presence of the chromogenic substrate (5-bromo-4-chloro-3-indolyl B-D-galactopyranoside; X-gal). Colour control mutants (CM0, CM1, CM2 and CM3) with known mutations and colour intensities were combined and plated in duplicate with each plating. Circular, Big Blue mutant plaques were scored and purified by replating at low density. To avoid bias due to clonal expansion, as brain cells proliferate rapidly during the first 4 weeks, identical base substitutions from individual mice were discarded.
Mutation frequencies were compared, assuming a binomial distribution of mutations between treated and untreated mice.
The ratio of the mutation frequencies are given with 95% confidence intervals. For example, the number of mutations in wild type (treated vs untreated; Table 1 ) as a ratio were as follows: (26/520 000)/(24/525 000) ¼ 1.09 (95% CI 0.6-2.0, P ¼ 0.860). All values are presented in Appendix II (Supplementary Information).
